INTRODUCTION
An estimated 8 -10% of the European population are carrying medical implants. At present, they are excluded from receiving a Magnetic Resonance Imaging (MRI) scan as no metrics exists to assess the specific safety risks related to these implants.
With the aim of investigating implant associated risks [1] [2] [3] , advanced modelling concepts for the evaluation of electromagnetic field inside phantoms and human computer models [4] [5] are fundamental tools which must be validated by experimental comparisons to guarantee their reliability. To this end an experimental tool was designed and set up and first comparisons between measurements and numerical results obtained through a Boundary Element Method (BEM) algorithm, are presented in the paper.
Since this preliminary investigation is based on a simple numerical model involving all the physical aspects, a simplified experimental tool is required as well. To do that a system made of a cylindrical phantom with a tissue-like liquid, a loop antenna and a 3D electromagnetic field mapping was set up.
The magnetic source and measuring system shall be able to generate and detect Radio Frequency (RF) electromagnetic fields with magnitude and frequency similar to the ones exploited by Magnetic Resonance Imaging (MRI) devices for diagnostic purposes. As regards the frequency, it shall be comparable with the isocentre resonance frequency (Larmor frequency) of the most used MRI devices. These are characterized by frequencies of about 64 MHz, 128 MHz and 300 MHz related to isocentre static magnetic fields of 1.5 T, 3 T and 7 T respectively. For these preliminary investigations the frequency of interest was set to 64 MHz [6] .
As well known from the Nuclear Magnetic Resonance (NMR) theory, a rotation of the nuclear magnetic moment vectors can be impressed by transferring a suitable amount of energy into the anatomy by means of coils tuned at the Larmor frequency. Such coils have to generate RF magnetic fields perpendicular to the static magnetic field direction. Consequently, a loop antenna was selected [6] [7] .
Since the aim of this paper is the experimental set-up, just a synthetic description of the field formulation is given in section 2.
A description of the experimental set-up is given in section 3, and some critical items due to the simplified model of the loop antenna are pointed out. In particular, the presence of the shield in the actual loop and the absence of the earth in the numerical model are argued.
The first comparisons between measured and computed magnetic field components are performed along a vertical and a radial line inside the cylindrical phantom. Additional comparisons are performed when a metallic object mimicking an implant is introduced inside the phantom (see section 4).
A brief description of the system control and operations, managed by a Python programme which automates the generation and acquisition of the field components, is given in section 5, followed by some conclusions (section 6).
FIELD FORMULATION
The electromagnetic field problem is described by the Electric Field Integral Equation (EFIE) and Magnetic Field Integral Equation (MFIE) under sinusoidal conditions (angular frequency ω). The integral equations are solved by the Boundary Element Method (BEM), discretizing the external surface (∂Ω) of the considered objects (Ω) with 2D surface elements. The discretized form of the EFIE and MFIE equations is:
where Js is the impressed current density of the sources (Ω s ), ξ is the singularity factor (ξ = 0.5 on the surface and ξ = 1 elsewhere) and n is the normal unit vector directed outwards Ω. The m-th element is the source point while, during the setting of the matrix, the computational point is the barycentre of the i-th element. The Green function is defined as:
where r and r' are the coordinate vectors of the observation and of the source points, while µ, σ and ε are the magnetic permeability, the electric conductivity and the electric permittivity respectively. EFIE and MFIE can be written for any volume belonging to the computational domain (the air region outside the phantom, inside this latter and also inside possible metallic objects). The volume integrals must be included only in volumes involving impressed sources. The integrals of the Green function and its gradient are computed by using an adaptive quadrature rule based on Kronrod algorithm, which enables high accuracy limiting the computational burden. Figure 1 shows an overall view of the experimental setup, including the phantom filled with a yellow liquid (the human tissue-like liquid), the 3D probe positioning system made of dielectric material with low permittivity (ε r = 2), the electric (or magnetic) field probe and its optical converter, the support for the antennas (more antennas are foreseen). The black loop antenna can be seen on the right side of the phantom. 
EXPERIMENTAL SET-UP

Phantom
The phantom consists of a cylindrical container made of polymethylmethacrylate whose dielectric permittivity (ε r = 2.2), much lower than that of the liquid, does not affect the electric field induced in the phantom. It has both an internal diameter and an internal height equal to 240 mm. The liquid, prepared by the Physikalisch Technische Bundesanstalt laboratories (PTB, Berlin), shows electrical characteristics comparable with the ones of some human tissues.
To reduce the effects of the support material on the electric field behaviour around the phantom, four slim columns sustain the container, increasing the distance from the structure supporting the whole system.
Magnetic field generation system
The magnetic field source shall be able to induce, inside the phantom, an electric field with a magnitude detectable by the near-field probes employed for this experiment. Moreover, the source should not produce spurious electric fields which are not considered in the numerical procedure.
The selected source for these purposes is a small loop antenna, consisting of a single turn with 6 cm diameter, inside a balanced E-field shield (Figure 2a) .
Through preliminary computations, a magnetic field amplitude of 1 A/m produced by a current of 0.5 A is predicted at 20 mm far from the loop. Of course this value is lower than the typical magnetic field value generated by the RF imaging coil of the MRI devices [9] [10] [11] ; nevertheless, this is acceptable because the purpose here is not to cause the nuclear magnetic resonance but to investigate the possible side-effects induced in the human body during MRI examination. The estimated electric field induced by such magnetic field is a few tens of volts per meter, enough to be detected by the probe.
A first experimental arrangement for the supply and estimation of the current flowing in the antenna is depicted in Figure 2b ). The supply system consists of a signal generator and a 100 W broadband amplifier (9 kHz to 100 MHz). In order to improve the matching between the supply system and the antenna, a series capacitor CS, with a rated value of 8 pF, is introduced. In this way it is possible to obtain the required field without exceeding the maximum power (25 W) of the 50 Ω resistive load. This load allows to estimate the current which generates the field. Indeed, through the knowledge of the voltage across the resistive load, obtained by the measurement of the incident power P, it is possible to solve the circuital model shown in Figure 3a and to estimate the current that flows in the inductance L simulating the loop antenna. The parameter CL simulates the stray electrical coupling between the loop wire and its shield. Because of the antenna dimensions and supply frequency, the radiation resistance can be neglected as well as the Joule losses and the circuital model can be simplified.
The current flowing in the loop antenna (and hence in the inductance L), IL, which generates the magnetic field, a)
Figure 2. a) Sketch of the loop antenna [8] . b) Sketch of the set-up for the generation of RF magnetic field. can be directly estimated by knowing the transmitted power to RLoad and the admittance T defined as:
The transmitted power is obtained as difference between the incident and reflected power values measured by means of a directional coupler and a power meter. From that, the voltage Vf is easily obtained.
The unknown Cs and ω res are extrapolated from the experimental frequency behaviour of T from 45 MHz to 70 MHz by means of a least square algorithm between the measured frequency behaviour and the computed one.
Assuming that the current is uniform along the single turn (i.e., πD << λ/10, where D is the turn diameter and λ is the wavelength of the working frequency), the magnetic field in the loop centre is By means of the above cited least square algorithm between the measured T(ω) values and the computed ones, the optimal couple of values (CS, ω res ) were found to be equal to 8.3 pF and 70.6 MHz, respectively. Figure 3b shows the frequency behaviour of the computed and measured T coefficient.
The gap on the E-field shield such as a coupling between the antenna and earth, due to a non-symmetric supply, can compromise the comparison between measurement and numerical results. Indeed the two elements introduce spurious electric components which are not taken into account by the numerical procedure. A non-symmetric supply for the antenna generates a common electric coupling with the earth evidenced by an electric field component perpendicular to the earth, not foreseen by the model. The gap problem can be overcome by shielding the gap with a metallic strip. The earth coupling disappears when the antenna is placed close to the phantom. The conductivity of the liquid "shields" the antenna from the earth. The encouraging results shown in the following prove the reliability of the assertions.
Electric and magnetic field probes
Since the electromagnetic field measurement should be performed in the near-field region, probes with very small dimensions are chosen. Moreover, owing to their usage inside the phantom, resistance to organic solvent must be guaranteed. Their main characteristics are resumed in Table  I [12] .
These isotropic probes give the true rms value of the applied field along the three orthogonal axes. Thanks to an electro-optic converter the information can be easily carried from the probe to the meter which can be placed a few meters away from the magnetic source.
The field generation and detection system is automatically managed by a Python program which reduces the measurement time and increases the accuracy of the power measurement, allowing for a thermal equilibrium of the devices.
COMPARISON BETWEEN NUMERICAL MODEL AND MEASUREMENT RESULTS
A preliminary calibration phase gives evidence of a rotation of the x/y field arrays around the z direction with respect to the absolute reference system shown in Figure 5 , for both the electric and magnetic field probes. The estimation of such rotation angle is performed thanks to the symmetry conditions imposed by the loop antenna. The results, accompanied by an uncertainty of about 10%, are 20° and 23.5° for the electric and magnetic probe respectively. The algorithm which manipulates the acquired field components to apply the coordinate rotation is implemented in the software which controls the whole experimental set-up (section 5).
As a first comparison between the BEM algorithm and Table 1 . Characteristics of the electric and magnetic field probes.
Section Electric field Magnetic Fied
Frequency 40 MHz ÷ 6 GHz 10 MHz ÷ 600 MHz (absolute accuracy ± 6.0%); output linearized When performing electric field measurements the noise level is not always negligible (in the order of 2 to 3 V/m). To reduce the noise effects on the measured values, the following expression is employed:
where E64MHz is the electric field corrected for the noise, Etot is the electric field given by the meter (signal plus noise) and Enoise is the mean value of the noise detected when the loop antenna is not supplied. In spite of the problems spotted both in the estimation of the current flowing in the antenna at 64 MHz and the approximation introduced in the numerical representation of the antenna, the measurement-computation comparisons give encouraging results. In particular, Figures 6a and 6b show the very good performance of the probes which can detect field having high spatial gradient (close to the antenna axis: z = 0.12 m). The experimental scenario is finally made more complicated by introducing a 40×40×240 mm 3 , conductive, non-magnetic parallelepiped. The aim is to roughly simulate a medical implant. Its large dimensions provide a high distortion field, allowing a first evaluation of the sensitivity of the numerical method. Figure 7 shows a picture of the metallic object inserted in the phantom and its position. Figures 8 and 9 provide the numerical results compared with the measured ones for the same lines previously investigated. As can be easily seen, a higher discrepancy between measurement and computation is detected, in particular for line 2. This fact deserves further investigations, but probably it can be ascribed to the features of the problem matrix, which, in presence of the metallic object, is badly scaled and gives rise to a nonoptimal convergence of the iterative solver used to solve the BEM formulation. Moreover, the wavelength in the metallic object is much lower than elsewhere and this would ask for a very fine mesh, with a strong increase of the computational burden needed to guarantee an accurate reconstruction of the electromagnetic quantities.
SYSTEM CONTROL AND OPERATIONS
In order to increase the safety, measurement reliability and speed, the supply and measurement systems are managed by a software developed in Python environment.
Python is an interpreted, general purpose, high-level programming language [13] .
The software controls the synthesizer and power amplifier by means of a GPIB-USB controller. The acquisition of the incident and reflected power is supervised by an USB connection. To download the acquired electric/magnetic field components, a simple network between the remote unit EASY4 (server) and the PC (client) by an ETHERNET connection [14] is set.
Thanks to a console user interface it is possible to insert the working directory and the output file names. If the directory and/or the files do not exist the program creates them.
The measurement results are stored in two output files with the same name but different extensions: ".txt". They contain the per-unit current electric/magnetic field components, referred to the main reference coordinate, while the second file, with a ".raw" extension, contains the raw field components, affected by noise, and referred to a rotated coordinate system. Moreover, the simple user interface requires: the type of the employed probe (electric or magnetic field probe), the geometrical characteristics of the investigation curve and the number of the measurement points. Once the required measurement attributes are inserted and the electric field probe is connected, the software makes the noise level detection available for each component. Then, a warm-up period of 60 s is run to guarantee a thermal equilibrium of the whole system; after that the remote unit provides the field components which are downloaded. In the same time the power information is downloaded and, thanks to the circuital model of the antenna, the flowing current is estimated. A suitable module of the software provides the rotation of the field array in order to refer to the main coordinate system, cancels the noise and evaluates the per-unit current field components.
After this phase, the output software gives the coordinate of the new investigation point, the operator places the probe in the indicated point and by pushing enter a new supply, acquisition and manipulation phase is run.
In order to protect the matching capacitors, a control structure gives a warning signal if the voltage across the capacitors, estimated on the base of the antenna circuital model and of the voltage and frequency values set on the synthesizer, exceeds a defined limit.
CONCLUSIONS
A description of a first experimental set-up devoted to the assessment of the reliability of numerical models for the estimation of induced electromagnetic fields into a phantom simulating human tissues is presented. A simple model of the transmitting antenna with lumped parameters is implemented and an evidence of the effectiveness of the model is given up to about 70 MHz.
A first comparison between computation and measurement along two investigation lines inside the phantom is shown. The results are encouraging. The computed electric field over line 1 shows a maximum deviation lower than 8% for field magnitudes higher than 5 V/m. For line 2, characterized by a higher field gradient value, the computed electric field has a maximum deviation lower than 20% for field magnitudes higher than 5 V/m. The magnetic field comparison between computation and measurement over line 1 shows a deviation higher than 30% for the Hy component, while the Hz component is better reproduced. The estimated magnetic field over line 2 reproduces with high fidelity the measured one, except for the peak value of the Hy component, for which a deviation of 6% is detected.
To deeper investigate the reliability of the numerical model in presence of medical implants, the measurements are carried out by placing a metallic object within the tissue-simulating liquid in the phantom. Even though the comparison between measurement and numerical method is acceptable, a higher deviation is found, in particular for the peak values of each component. Indeed, a metallic object with high conductivity introduces a spatial discontinuity of this parameter and can reduce the accuracy of the numerical simulation.
Presently, the design of a new antenna system is being developed to increase the value of the electric and magnetic field-strength generated in the phantom, and a further measurement campaign is in progress.
